Most studies on the reduction of disease incidence in soil treated with Trichoderma asperellum have focused on microbial interactions rather than on plant responses. This study presents conclusive evidence for the induction of a systemic response against angular leaf spot of cucumber (Pseudomonas syringae pv. lachrymans) following application of T. asperellum to the root system. To ascertain that T. asperellum was the only microorganism present in the root milieu, plants were grown in an aseptic hydroponic growth system. Disease symptoms were reduced by as much as 80%, corresponding to a reduction of 2 orders of magnitude in bacterial cell densities in leaves of plants pretreated with T. asperellum. As revealed by electron microscopy, bacterial cell proliferation in these plants was halted. The protection afforded by the biocontrol agent was associated with the accumulation of mRNA of two defense genes: the phenylpropanoid pathway gene encoding phenylalanine ammonia lyase (PAL) and the lipoxygenase pathway gene encoding hydroxyperoxide lyase (HPL). This was further supported by the accumulation of secondary metabolites of a phenolic nature that showed an increase of up to sixfold in inhibition capacity of bacterial growth in vitro. The bulk of the antimicrobial activity was found in the acid-hydrolyzed extract containing the phenolics in their aglycone form. High-performance liquid chromatography analysis of phenolic compounds showed a marked change in their profile in the challenged, preelicited plants relative to that in challenged controls. The results suggest that similar to beneficial rhizobacteria, T. asperellum may activate separate metabolic pathways in cucumber that are involved in plant signaling and biosynthesis, eventually leading to the systemic accumulation of phytoalexins.
Several recent studies have established the role of selected strains of nonpathogenic plant growth-promoting rhizobacteria (PGPR) and fungi (PGPF) in enhancing plant resistance (30, 31, 35, 36, 41, 42, 47 ). An example of PGPF are Trichoderma spp., which have recently been shown to induce local and systemic defense responses in cucumber (48, 49) and other agricultural crops, such as cotton, tobacco, lettuce, and bell pepper (1, 9, 20) . Induced systemic resistance (ISR) (23, 26, 27) , mediated by such nonpathogenic rhizospheric microorganisms, has been demonstrated in several plant species and shown to be effective against bacterial, viral, and fungal disease (30, 35) . However, little is known about the molecular basis underlying this type of ISR. Unlike pathogen-induced or chemically induced resistance, some of these defense responses were independent of salicylic acid or pathogenesis-related protein accumulation (35, 43, 45) . One of the most studied mechanisms of resistance to infection in plants is the rapid accumulation of antimicrobial, low-molecular-weight secondary metabolites known as phytoalexins (17, 24) . Several studies have established the role of phytoalexins in the defense response of cucumber (Cucumis sativus L.) and other cucurbits (6, 11, 12, 18, 19, 33) . Early findings suggested that the lignin precursor, coniferyl alcohol, may function as a phytoalexin in cucumber (18) . Subsequent analysis of the lignin-like material indicated that it was a p-coumaryl alcohol derivative (40) . Recent studies using Milsana (Compo, Munster, Germany) (6) or silicon (11) as elicitors have also demonstrated the involvement of glycosylated phenolics in the defense response of cucumber to powdery mildew. Increased accumulation of the antifungal glycosides of p-coumaric methyl ester and rhamnetin was demonstrated in response to Milsana elicitation. Recently, by use of the same experimental system, an increase in the accumulation of flavonoid compounds was found in correlation with the accumulation of two flavonoid biosynthetic genes, i.e., the chalcone synthase and chalcone isomerase genes (12) . Phytoalexin synthesis involves the rapid transcriptional activation of genes encoding a number of key biosynthetic enzymes. Phenylalanine ammonia lyase (PAL) (EC 4.3.1.5) catalyzes the first step in the phenylpropanoid biosynthetic pathway leading to the production of phenolic compounds with a significant range of biological functions, including phytoalexins (17) . Hydroperoxide lyase (HPL) is part of the octadecanoic pathway. HPL utilizes some of the lipoxygenase products as its substrates and produces antimicrobial and wound-related molecules known as C 6 -volatiles. These molecules are related to the jasmonic acid pathway and have been associated with the plant's defense response to pathogens. Some HPL products are signal molecules that have been shown to induce the gene expression and production of phytoalexins (50) . Nonetheless, few attempts have been made to study the participation of such secondary metabolites in the ISR afforded by soil microorganisms, including PGPR and PGPF (41, 43) . Recently, systemic induction of phytoalexins following treatment with fluorescent pseudomonas was shown in the overall defense response of cucumber (33, 34) . The role of such compounds in the defense response afforded by root treatment with the fungal antagonist Trichoderma asperellum (25) remains to be established. In this study, we developed a model system using cucumber as the model plant and Pseudomonas syringae pv. lachrymans as the challenging pathogen. Our goal was to characterize the systemic response induced in cucumber plants following T. asperellum application to the root system and to establish the biochemical nature of that response.
MATERIALS AND METHODS
Plant material. Seeds of cucumber (Cucumis sativus L. cv. Delila) from Gedera Seeds Co. (Gedera, Israel) were used in this experiment. Plant growth medium (PGM) was prepared as described previously and adjusted daily (48) .
Aseptic growth system. Seeds were surface disinfested in 2% NaOCl for 2 min and thoroughly washed with sterile distilled water. They were then put on a sterile gauze sheet and placed in aseptic hydroponic growth containers (48) . The growth containers were aerated with air filtered through 0.45-m-pore-size filters. Plants were grown in a controlled environment: 26°C, 80% relative humidity, light at 300 E/m 2 /s, and a circadian cycle of 14 h of light and 10 h of darkness.
Fungal material. T. asperellum strain T-203 (10, 25) was grown on potato dextrose agar (PDA) (Difco, Detroit, Mich.). Synthetic medium for T. asperellum was prepared according to Okon et al. (32) . The inoculum consisted of 1 ml (10 9 spores, counted by hemocytometer) of 7-day-old T. asperellum cultured on PDA added to a 250-ml flask containing 100 ml of synthetic medium. The flask was shaken at 150 rpm for 24 h at 30°C to allow spore germination. The inoculum was then separated from the growth medium by centrifugation at 10,000 ϫ g at 4°C and washed twice in 100 ml of distilled water. T. asperellum mycelial inoculum was added under aseptic conditions to the PGM of 7-day-old seedlings to a final concentration of about 10 5 germinated spores/ml of PGM. Bacterial inoculum. P. syringae pv. lachrymans was grown in tryptic soy broth overnight at 30°C. Bacterial cells were centrifuged at 10,000 ϫ g, and the pellet was resuspended in sterile phosphate-buffered saline (5 mM, pH 7.2). Challenge was performed 48 h after application of T. asperellum to the PGM. P. syringae pv. lachrymans bacterial suspension (optical density at 600 nm ϭ 0.1) containing 0.01% (wt/vol) surfactant (Tween 20) was applied to the surface of the first and second leaves of cucumber seedlings. Leaves were either rubbed with a sterile cheesecloth pad saturated with bacterial suspension or pipetted onto the leaf with four 10-l droplets by using a repeating pipettor. Inoculation was performed under aseptic conditions. Multiplication of P. syringae pv. lachrymans was assessed in challenged leaves at different times after inoculation. Two pools of 1 g of randomly selected samples of 15 leaves taken from 15 plants per treatment were rinsed thoroughly in sterile water and homogenized in a sterile solution of 10 mM phosphatebuffered saline. Dilutions were plated onto Pseudomonas selective King's B agar (22) supplemented with a 1-ml liter Ϫ1 solution containing 9 mg of basic fuchsin, 200 mg of cycloheximide, 10 mg of nitrofurantoin, and 23 mg of nalidixic acid. After incubation at 28°C for 24 to 36 h, the number of P. syringae pv. lachrymans CFU per gram of infected leaf tissue was determined.
Microbial bioassay. P. syringae pv. lachrymans, Agrobacterium tumefaciens, Bacillus megaterium, and Micrococcus luteus (strains were taken from a laboratory collection) were cultured in tryptic soy broth (Difco). Crude phenolic extract was concentrated by Speed-Vac and adjusted to 20 l with absolute methanol. The concentrated samples were pipetted onto tryptic soy agar plates or PDA plates and dried in a laminar flow hood. Bacterial suspensions (200 l) were mixed into 3 ml of soft tryptic soy agar and overlaid on the dried plates. Antimicrobial activity of the extract was assayed 48 h after bacterial application and appeared as clear lytic circles on the plates.
RNA isolation.
For RNA analysis, roots, cotyledons, and leaves were harvested at different times after inoculation and stored at Ϫ70°C until use. Total RNA was extracted using an EZ-RNA total RNA isolation kit (Biological Industries Co., Beit-Haemek, Israel). RNA was treated with RNase-free DNase I in a solution containing 40 mM Tris-HCl (pH 7.9), 10 mM NaCl, 6 mM MgCl 2 , and 10 mM CaCl 2 for 30 min at 37°C (Roche, Penzberg, Germany), followed by phenolchloroform and chloroform extraction and subsequent ethanol precipitation.
RT. After treatment with DNase, 1 g of total RNA was used for a reverse transcription (RT) reaction using Expand reverse transcriptase (Roche) according to the manufacturer's instructions.
Quantitative PCR. The primers used for the quantitative PCR experiments were as follows: for Pal1, forward primer 5Ј-ATGGAGGCAACTTCCAAGG A-3Ј and reverse primer 5Ј-CCATGGCAATCTCAGCACCT-3Ј, and for HPL, forward primer 5Ј-TCTCGCCATGACAGGTTCATC-3Ј and reverse primer 5Ј-GAACATTCCAGGTCCATCAGC-3Ј. PCRs were carried out in 96-well plates (25 l per well) in a reaction buffer containing 1ϫ SYBR Green PCR Master Mix (PE Applied Biosystems), 120 nM concentrations of primer (for each forward and reverse primer), and 1/20 of the RT reaction mix. Quantitative analysis was performed using the GeneAmp5700 sequence detection system (PE Applied Biosystems) with PCR conditions as follows: 95°C for 15 s and 60°C for 1 min for 40 cycles. The absence of primer-dimer formation was checked in no-template controls. The specificity of primers to cucumber genes was examined by using Trichoderma DNA and reverse-transcribed RNA as templates. The 18S ribosomal cDNA was used as a control reference. Each sample was examined in duplicate. We first normalized the expression of the specific gene versus the control reference by using the formula 2
Ϫ⌬⌬CT
, where the C T (threshold cycle) value is defined as the PCR cycle number that crosses an arbitrary threshold line, (TϩPslϩ) . Each treatment included a free-phenolic fraction, extracted prior to hydrolysis, and a conjugated fraction consisting of the aglycones released after hydrolysis. All treatments were replicated twice. A modification of the extraction method of Fawe et al. (11) was used to determine free and glycosidic-bound phenolics in the leaf extracts. Harvested foliar material was ground to a fine powder in liquid N 2 and extracted in 80% acidified methanol (10 g [fresh weight] per 100 ml). The mixture was kept for 24 h in the dark, and air was replaced with nitrogen to prevent oxidation. The extract was then filtered with glass fiber filters (GF/C; Whatman, Maidstone, England), and the filtrate was concentrated under reduced pressure at 40°C. The aqueous residue was adjusted to pH 2.0 and partitioned against hexane to remove lipophilic compounds, i.e., chlorophyll, carotenoids, lipids, and waxes. The aqueous phase containing the phenolic constituents was further partitioned against ethyl acetate (volume/volume) and then subjected to acid hydrolysis (4 N HCl [vol/vol]) in an autoclave for 20 min. The hydrolysate was cooled and partitioned against ethyl acetate. The two ethyl acetate fractions obtained were dried, and the residues designated as free-phenolic fraction and conjugatedphenolic fraction, respectively, were resuspended in absolute methanol (2.5 g [fresh weight] per ml).
Total phenolic concentration. Leaf extracts were prepared as described above, and total phenolic concentration was measured in both free and glycosidic-bound phenolic extract by using Folin Ciocalteus reagent (Sigma, St. Louis, Mo.) according to the manufacturer's directions.
High-performance liquid chromatography (HPLC) separation of phytoalexins. Forty-eight hours post-challenge inoculation with P. syringae pv. lachrymans, leaves from all treatments were collected separately, pooled, and kept at Ϫ80°C until use (approximately 40 g [fresh weight]). The phenolic extraction was performed as described. The resultant free-and conjugated-phenolic fractions were subjected to several separation procedure steps to determine their profiles.
The HPLC system (Thermo Separation Products, Riviera Beach, Fla.) consisted of an auto sampler (AS3000), injector (100 l), column oven (30), pump (P3000), and diode array detector (UV6000). A reverse-phase C18 column (250 by 4.6 mm; Luna 2; Phenomenex, Torrance, Calif.), with a precolumn of similar resin, was employed. Elution was performed using phosphate buffer (50 mM, pH 2.5) and methanol at a flow rate of 1 ml min Tissue processing for electron microscopy. Leaf samples (2 to 5 mm 2 ) were collected from the necrotic zone 48 h post-challenge inoculation with P. syringae pv. lachrymans. Samples were then fixed by immersion in 3% (vol/vol) glutaraldehyde in 0.1 M Na-cacodylate buffer (pH 7.2) for 2 h at room temperature. The samples were postfixed with 1% (wt/vol) osmium tetroxide in the above buffer for 1 h at 4°C and then dehydrated in a graded ethanol series and embedded in Epon 812. Ultrathin sections (0.1 m) were cut with a diamond knife and collected on Formvar-coated nickel grids. The sections were contrasted with uranyl acetate and lead citrate for immediate examination in a JEOL 1200 EX transmission electron microscope, operating at 80 kV.
Statistical analysis. The effects of T. asperellum treatment on the diameter and total area of necroses caused by P. syringae pv. lachrymans were analyzed by one-way analysis of variance using the Excel program (Microsoft Corp., Bothell, Wash.). The effect of T. asperellum on antimicrobial activity of the crude phenolic extract and on total phenolics concentration was determined using the Student's t test function of Excel.
RESULTS

Effect of T. asperellum on ISR.
To test T. asperellum-mediated ISR, angular leaf spot of cucumber, P. syringae pv. lachrymans, was used to challenge leaves of 12-day-old cucumber seedlings at 48 h postapplication of T. asperellum to the root system. An aseptic hydroponic growth system was used in which spatial separation of the root-inducing agent from the leaf pathogen was verified. Four days post-challenge inoculation with P. syringae pv. lachrymans, the noninduced (TϪPslϩ) plants displayed necrotic lesions surrounded by extensively spreading chlorosis, whereas plants pretreated with T. asperellum (TϩPslϩ) showed significantly lower symptoms. Protection against P. syringae pv. lachrymans was quantified by assessing necrosis diameter and the proportion of total necrotic area per leaf. A 50% reduction in the average necrosis diameter was observed 5 days postchallenge, while total necrotic area was reduced by 80% in the TϩPslϩ plants relative to that in TϪPslϩ plants (Fig. 1) . Application of autoclaved T. asperellum mycelial inoculum to the roots appeared to have only a minor effect on disease reduction (Fig. 1B) . Proliferation of P. syringae pv. lachrymans in the challenged leaves was assessed and found to be significantly lower in the TϩPslϩ plants than in the TϪPslϩ plants. Ninety-six hours postchallenge, bacterial cell densities in the TϪPslϩ treatment exceeded those of the TϩPslϩ treatment by about 200-fold. Thus, the reduction in disease symptoms appeared to be associated with inhibition of bacterial multiplication (Fig. 2) .
To verify whether T. asperellum remained spatially separated for the duration of the experiment, its presence in the shoots was assessed by plating serial dilutions of leaf homogenates into Trichoderma selective growth medium. Trichoderma was not detected in leaf homogenates at any time during the study. In addition, using dual-culture assays in petri dishes, we found that T. asperellum is unable to antagonize P. syringae pv. lachrymans directly.
Transmission electron microscopy (TEM) of ultrathin sections from the TϪPslϩ treatment group revealed proliferation of P. syringae pv. lachrymans 96 h postchallenge. P. syringae pv. 3A) . At the same time point, significantly fewer bacterial cells were observed in the TϩPslϩ plants (Fig. 3B ). In the nonelicited plants, P. syringae pv. lachrymans invaded the xylem vessels, which appeared to be densely colonized with the bacteria (Fig. 4A) . In some cases, host cell walls were disrupted and digested by the pathogen (Fig. 4B) . Closer examination of the invaded areas revealed the occurrence of host reactions at sites of bacterial penetration. An amorphous matrix showing various degrees of compactness appeared in the intercellular spaces of the T. asperellum-preelicited plants (Fig. 4C) . Bacterial cells trapped in this material appeared embedded and exhibited morphological alterations. Apparently, their development was halted ( Fig. 4C and D) . Some cells contained densely stained osmiophilic material and were severely affected, as may be deduced from the aggregation of their contents (Fig. 4D) . None of these phenomena were detected in the nonelicited plants, where bacterial cells appeared intact and proliferated in all tissues. Gene expression. Increased expression levels of PAL1 were observed in the T. asperellum-preelicited roots (TϩPslϪ) relative to what was seen with nontreated roots (TϪPslϪ) throughout the examined period (Fig. 5A) . Preelicited roots expressed a 70-fold-higher expression level of PAL1 at 24 h postinoculation (hpi), declining gradually to a fourfold difference at 96 hpi. Roots of plants challenged with P. syringae pv. lachrymans with or without preelicitation with Trichoderma expressed lower levels of PAL1. In the leaves, PAL1 expression levels were higher in the preelicited plants (TϩPslϪ) at 24 hpi and reached a maximum at 48 hpi (Fig. 5B) . Although challenged leaves exhibited higher PAL1 expression than nonchallenged leaves, no significant difference in PAL1 expression was observed between TϩPslϩ and TϪPslϩ leaves (Fig. 5B) .
HPL expression levels in roots at 24 hpi were considerably higher in Trichoderma-pretreated plants than in controls (Fig.  6A) . However, that difference declined during subsequent days. In the leaves at 24 to 48 hpi, plants preelicited with T. asperellum (TϩPslϪ) displayed higher HPL expression levels than controls (TϪPslϪ) (Fig. 6B) . HPL expression levels in the leaves of all treatments at 96 hpi were similar, with the exception of the TϩPslϩ plants, which expressed a threefold-higher expression level (Fig. 6B) . 5, 11) and the crude phenolic extract was assessed for antimicrobial activity. Since the P. syringae pv. lachrymans pathosystem was used throughout the study, the bioassay was designed to evaluate antibacterial activity of extractable phenolic fractions on P. syringae pv. lachrymans development. Each of the four treatments studied included a free-phenolic fraction, extracted prior to hydrolysis, and a conjugated-phenolic fraction consisting of the aglycones produced through acid hydrolysis. Similar basal antibacterial activities of both free and conjugated phenolics were found in the two unchallenged treatments, TϪPslϪ and TϩPslϪ. In the free-phenolic fraction, challenge inoculation with P. syringae pv. lachrymans resulted in an increase in the antibacterial activities of both the TϪPslϩ and TϩPslϩ plants, suggesting that P. syringae pv. lachrymans itself may trigger the accumulation of antimicrobial compounds in the leaves. Nevertheless, in the conjugated fraction containing the aglycones, challenge with P. syringae pv. lachrymans resulted in a remarkably higher antimicrobial activity of the preelicited challenged (TϩPslϩ) plants relative to that of nonelicited (TϪPslϩ) plants. A bioassay of the active conjugated fraction extracted from plants challenged with P. syringae pv. lachrymans exhibited a dose-dependent effect of T. asperellum preelicitation on the antibacterial potential of the extract. While 10 l of the crude phenolics extracted from TϩPslϩ plants was enough to produce a clear lytic zone on agar plates, indicating the presence of potent antibacterial compounds, as much as 80 l of crude extract of the TϪPslϩ plants was needed to produce inhibition (Fig. 7A) .
Antimicrobial spectrum. Dose-response bioassays were also conducted to explore the antimicrobial spectrum of the crude extract and HPLC fractions of the conjugated phenolics extracted from leaves of both TϪPslϩ and TϩPslϩ plants. The extracts were applied to two gram-positive bacteria (Micrococcus luteus and Bacillus megaterium) and two gram-negative bacteria (P. syringae pv. lachrymans and Agrobacterium tumefaciens). The TϩPslϩ phenolic extract was far more potent in its antimicrobial potential than the TϪPslϩ phenolic extract on all bacteria examined (Fig. 7B) . Interestingly, the extract from the TϪPslϩ treatment was less effective in its antimicrobial potential when applied on P. syringae pv. lachrymans than when applied on other bacterial types.
Quantification of total phenolics. Total phenols were determined by using the Folin-Ciocalteu assay. Forty-eight hours after T. asperellum elicitation, a significant increase (35%) in the concentration of total phenols was found in both free and conjugated phenols (Table 1) . However, this increase was not correlated with an elevation in antibacterial activity. Nonetheless, 48 h postchallenge with P. syringae pv. lachrymans, a marked increase was observed in the concentrations of total phenols of both free and conjugated fractions, with no significant difference between the TϪPslϩ and TϩPslϩ plants. Thus, it may be suggested that the marked rise in antibacterial activity of the TϩPslϩ conjugated fraction described earlier (Fig. 7) indicates the production of specific substances with antimicrobial activity.
Separation of phenolic compounds. A comparative study of the profiles of the aglycone fractions (conjugated phenolics) in all treatments, using reverse-phase HPLC analysis, revealed different responses to T. asperellum elicitation with or without challenge inoculation with P. syringae pv. lachrymans (Fig. 8) . Ten major peaks were observed, and changes in relative peak area and their absorbance spectra were recorded (Fig. 8) (Table 2 ). An increase was shown in the concentration of four phenolic compounds, while four compounds decreased in response to elicitation with T. asperellum (TϩPslϪ) relative to the control treatment (TϪPslϪ). However the increased concentration did not account for the increase in antimicrobial activity relative to the control. Challenge inoculation with P. syringae pv. lachrymans (TϪPslϩ) induced an increase in the concentration of five compounds, two of which showed antimicrobial activity in our system, while two compounds decreased relative to the control (TϪPslϪ). The increase in antimicrobial activity of the crude phenolics extracted from the leaves of TϪPslϩ plants suggested that the pathogen itself triggers a defense response in the plant. In the TϩPslϩ treatment, the level of six compounds increased, four of which were active against P. syringae pv. lachrymans in vitro. Two compounds decreased relative to controls. A compound designated peak 9 was recorded only in the preelicited and challenged plants (TϩPslϩ) (Fig. 8) (Table 2 ) and displayed a UV spectrum with max at 272 nm, which is typical of flavonoid compounds in cucumber (12) . Other induced compounds, such as the compounds at retention times 11.5 and 18.0, displayed UV spectra typical of catechins, with peaks at 225 and 280 nm (37) . Overall, a greater-than-sixfold increase in the antibacterial activity of the crude phenolics extract from leaves of TϩPslϩ plants was observed relative to that in TϪPslϩ plants.
DISCUSSION
Attempts to exploit fungal antagonists such as Trichoderma spp. as potential biological control agents have recently led to the proposal that besides their recognized antifungal properties, such organisms could also act as elicitors of plant defense reactions, thereby promoting the expression of plant defenserelated genes (1, 9, 20, 21, 48, 49) . However, the exact mechanisms underlying induction of plant disease resistance by antagonistic fungi remain poorly understood. Several hypotheses have been put forward, but very few have been convincingly assessed through biochemical and cytological investigations of plant tissues challenged by these fungal agents.
The results of the present study demonstrate that cucumber plants grown in the presence of T. asperellum exhibit increased protection against P. syringae pv. lachrymans infection. These results are of particular relevance since they highlight the dual properties of T. asperellum, which is also capable of inducing systemic resistance against a foliar pathogen (Fig. 1) . Moreover, our cytological and biochemical results demonstrate that the beneficial effect of T. asperellum in repressing Pseudomonas ingress in the leaf tissues does not rely on direct antifungal activity, as is the case for a number of plant growth-promoting rhizobacteria (43) . Support for this concept came from the observations that Trichoderma propagules could not be isolated from the shoots and that antagonistic activity between Trichoderma and Pseudomonas did not occur in vitro (data not shown).
While cucumber has been used frequently as a model for systemic induced resistance (7, 8, 18, 39) , little has been reported on the relative importance of phytoalexins in the overall defense response of cucumber. Nevertheless, it has been proposed that lignification (18) and to a lesser extent peroxidases and chitinases (7) are among the potential defense mechanisms employed by this plant. In a recent study, Yedidia et al. provided evidence that T. asperellum (T-203) may induce a transient systemic increase in the activity of these enzymes (48) . Indeed, chitinases were shown to inhibit bacterial proliferation to some extent; however, since Trichoderma was absent from the site of challenge with the pathogen, this increase could not explain the observed reduction in disease symptoms (Fig. 1) .
Several lines of evidence, from TEM of ultrathin sections, monitoring of P. syringae pv. lachrymans populations, and in vitro bioassays of phenolic leaf extracts, confirmed the systemic inhibition of bacterial proliferation in the leaves. A reduction of 2 orders of magnitude in the proliferation rates of bacterial cells in the preelicited plants (TϩPslϩ) was observed relative to those in nonelicited (TϪPslϩ) plants (Fig. 2) . This reduction correlated temporally with the TEM results, demonstrating that there were considerably fewer bacteria in the preelicited plants (Fig. 3B) . Apparently, the surviving bacterial cells a Extracts were prepared from 40 g (fresh weight) of foliar material. HPLC runs were repeated twice (SD Յ 1%). Peaks below detection level were specified as nondetectable (ND). Two independent experiments were performed and showed similar results. Presented data are from one representative experiment.
were restricted in space and their ingress into the inner leaf tissue was blocked. The accumulation of osmiophilic material inside P. syringae pv. lachrymans cells was associated with the presence of phenolic compounds known to stain densely upon reaction of O-dihydroxy groups with osmium tetroxide (38) . Some bacterial cells embedded in the amorphous matrix were altered and their cell content was aggregated (Fig. 4C and D) . Similar responses have been observed during invasion by Xanthomonas campestris of cotton, cabbage, and Pelargonium spp., in which collapsed bacterial cells were observed mainly in phenol-containing areas, indicating that these compounds probably have a bactericidal effect in planta (3). These results suggest that antimicrobial compounds are involved in the inhibition of bacterial growth in cucumber leaves.
Phytoalexins were only recently isolated from long English cucumber, a member of the Cucurbitaceae (5, 6, 11, 12, 33, 40) . These previous studies convincingly demonstrated de novo synthesis of a number of phytoalexins, thus establishing the role of antimicrobial compounds in the defense response of cucumber (5, 6, 11) .
Previous studies have also demonstrated that both preformed and neosynthesized conjugates play a role in the accumulation of phytoalexins following infection with a pathogen (11, 13, 14) . Accordingly, nearly all elements of plant chemical defense and the bulk of antimicrobial activity were found in the aglycone form (5, 6, 11) . Our results confirmed that the production of glycosylated phytoalexins in cucumber requires acid hydrolysis of the extract as a prerequisite for the expression of antimicrobial activity. The increased antimicrobial activity of the aglycone fraction of both TϪPslϩ and TϩPslϩ treatment groups suggests that P. syringae pv. lachrymans itself triggers the production of antimicrobial compounds. Such potential of a bacterial pathogen to induce systemic defense responses in plants has been shown previously (19) . However, in the present study, when plants were elicited with T. asperellum prior to challenge with Psl (TϩPslϩ), a prominent increase in antimicrobial potential was observed (Fig. 7) . This increase was apparent in both the MIC required for bacterial inhibition and the spectrum of antimicrobial activity of the TϩPslϩ plants relative to that of the TϪPslϩ plants. The spectrum of antimicrobial activity of the TϩPslϩ phenolics was broader and was proven to be effective against gram-positive and gramnegative bacteria (Fig. 7) , the yeast Saccharomyces cerevisiae, and fungi such as Fusarium oxysporum, Botrytis cinerea, and Penicillium italicum (data not shown). A wide spectrum of activity is characteristic of the ISR afforded by rhizobacteria and fungi (41, 43) . To our knowledge, although phytoalexin accumulation is a well-established mechanism in systemic acquired resistance (17, 19) , the role of these compounds in ISR triggered by selected strains of PGPR and PGPF is still ambiguous. The enhanced antimicrobial activity of the TϩPslϩ plants and the broad spectrum of that activity suggest that a prior application of T. asperellum may enhance the plant's capacity to defend itself against subsequent infection through the production of secondary metabolites with antimicrobial activity.
PAL has been shown to regulate the production of several secondary compounds, including phytoalexins (16) . Steadystate mRNA levels of Pal1 have been shown to increase in plant tissues during resistance to pathogen infection (15, 44) .
Application of Trichoderma to the root system resulted in a significant elevation of Pal1 mRNA levels both locally and systemically (Fig. 5) . Thus, Pal1 activation peaked at 48 h postelicitation with T. asperellum, coincident with the observed phytoalexin accumulation in the leaves (Fig. 5) (Table 1) . A similar time course for Pal1 expression was observed by Martinez et al. (28) , using active cellulase from T. longibrachiatum as an inducer. Daayf et al. (6) showed that the first 48 h postchallenge are the most important for synthesis of the phytoalexin para-coumaric acid methyl ester in Milsana-elicited cucumber plants. Ninety-six hours post-challenge inoculation with P. syringae pv. lachrymans, Pal1 expression reached its maximal level, which was not further elevated in response to preelicitation of the roots with Trichoderma. However, the increase in P. syringae pv. lachrymans-induced Pal1 expression and the related accumulation of phenolic compounds were not complemented by an elevated level of antimicrobial capacity. Such an increase in antimicrobial potential was recorded only in the preelicited and challenged plants (TϩPslϩ), suggesting the involvement of other enzymes along the biosynthetic pathway.
HPL and lox1 are defense enzymes belonging to a distinct pathogen-induced metabolic pathway. This pathway, also known as the lipoxygenase pathway, leads to the production of signaling molecules, induction of defense genes (2, 29) , and phytoalexin accumulation (4, 50) . To the best of our knowledge, this is the first report that T. asperellum treatment may induce HPL transcript accumulation in cucumber both locally and systemically. The increased expression of HPL in the Trichoderma-preelicited plants was further elevated by challenge inoculation with P. syringae pv. lachrymans. This suggests a role for HPL in the potentiation of the plant to respond more rapidly and effectively to a subsequent pathogenic attack. In addition, lox1, which produces the substrates for HPL and jasmonic acid, was also induced in cucumber 1 h after root elicitation with Trichoderma (data not shown). Jasmonic acid and other structural derivatives function as signals involved in plant defense to wounding and pathogens and have also been shown to induce phytoalexin and antimicrobial phenolic accumulation (46) .
Indeed, an increase of more than 30% in total phenolic concentration was observed following T. asperellum elicitation (TϩPslϪ) relative to what was seen with control plants (TϪPslϪ) ( Table 1) . However, this increase did not account for an increase in antimicrobial activity in vitro. Nonetheless, challenge inoculation with P. syringae pv. lachrymans elevated the level of total phenolics for both treatments, TϪPslϩ and TϩPslϩ, with no significant difference between them (Table  1) . Thus, it is suggested that the prominent increase in antimicrobial activity of the TϩPslϩ treatment is the result of an increase in specific phenolic compounds (Table 2) , while the accumulation of other phenolic compounds is involved in the in vivo inhibition of the pathogen. The existence of different patterns of phenolic compound accumulation was supported here by the HPLC profile analysis (Fig. 8) (Table 2) .
Further separation of the phenolic extract from the TϩPslϩ plants resulted in an increase in the levels and antimicrobial activities of several compounds relative to the TϪPslϩ treatment. Daayf cucumber leaves following elicitation with Milsana and subsequent challenge with powdery mildew. Using specific standards, we showed that none of these compounds were present in our system. In conclusion, pretreatment of the roots with T. asperellum was shown to systemically inhibit proliferation of P. syringae pv. lachrymans in the leaves. This reduction appeared to be associated with transcript accumulation of biosynthetic defenserelated genes and a prominent accumulation of phenolic compounds showing substantial antimicrobial activity. Future efforts should focus on characterizing the chemically complex nature of these compounds and the study of their production and accumulation in greenhouse and field experiments.
